The optimization of enzymatic protein hydrolysis often represents a tedious task due to complicated analytical methods. The simplest system of continuous analysis consists of monitoting the base consumption during a pH-controlled reactor operation. However, there are other criteria commonly used for characterizing the extent ofprotein hydrolysis, comprising the degree of hydrolysis (DH) and the SN-TCA index, that is the fraction of nitrogen soluble in trichloroacetic acid under well-defined conditions. Taking the SN-TCA index, expressed in terms of the so-called fraction of non-protein nitrogen hF'N, as an example, it is shown that these criteria may be correlated with base consumption. The advantages and limitations of this method are discussed. 
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INTRODUCTION
Enzymatic whey protein hydrolysates have found considerable applications in pharmaceutical preparations and in infant nutrition.'~2 Most of the beneficial properties of these hydrolysates depend on the length of the peptide chains of the product.3 Therefore, the process of hydrolysis has to be carefully controlled in order to obtain a product with the desired properties. protein hydrolysis may easily be monitored by means of the pH-stat technique, described originally by Jacobsen et al? However, the consumption of titrant does not give immediate access to a measure of the degree of hydrolysis and for this reason other methods of analysis have been developed. The degree of hydrolysis can be determined by analysing the increase in the concentration of free a-amino groups liberated during hydrolysis. Chemical analyses rely on substances generating chromophores upon reaction with a-amino groups, the most commonly used reagents being ninhydrin5 and trinitrobenzenesulphonic acid (TNBS). TNBS was introduced by Satalce et al6 and the original method has been modified to be suitable for the analysis of partially soluble protein hydrolysates.' These methods, however, demand a lot of sample preparation and tedious procedures. In addition, the criterion of free a-amino groups does not correlate precisely with the solubihty of the product of protein hydrolysis.
Since in industrial practice the instant solubihty of a protein hydrolysate is the most important criterion, the SN-TCA index (the fraction of nitrogen soluble in aqueous trichloroacetic acid under defined conditions) has become a criterion of practical use. This index is also often called nonprotein nitrogen (NPN). The SN-TCA index is a measure of the molar mass distribution of the protein produced. Trichloroacetic acid precipitates essentially all protein molecules and a considerable fraction of the polypeptides. However, as in the case of the titration of liberated a-amino groups, the analysis of this index is very demanding and cannot be performed in a continuous marmer.
Due to the practical importance of the SN-TCA index and the facility of the pH-stat method it would be interesting to correlate both criteria with one another. It will be shown that a close relationship between these criteria may be established with the pH-stat method which allows a continuous mode of reaction monitoring.
THEORY
A discussion of the pH-stat method requires knowledge of the phenomena which lead to the production or consumption of protons (H+ ) (synonymously used for hydronium ions (H,O+)). A schematic description of the events which occur during protein hydrolysis is given in Fig. 1 
Schematic representation of protein hydrolysis.
does not exhibit any appreciable buffer capacity since the amino group of the peptide bonds does not accept a proton in the whole range of pH from 1 to 14 due to the partial double-bond character of the peptide bond. In addition, the low concentration of terminal amino and carboxyl groups initially present are characterized by pK, values of about 3.1-3.6 and 7.5-7.8, respectively, at 25"C, whereas the pK, values of the protein side chains deviating only slightly from those of the free amino acids.3,8 Protein hydrolysis leads to the liberation of pairs of terminal amino and carboxyl groups exhibiting approximately the same pK, values as given above, and which are subject to dissociation equilibria in the aqueous reaction mixture (Fig. 1) . Assuming the formation of peptides with charged terminal groups, no change in pH would be observed since the proton potentially liberated by peptide bond cleavage would stay associated with the amino group. In the pH range in which the amino group undergoes a dissociation reaction, the formation of a neutral amino group would liberate protons. In contrast, the terminal carboxyl group consumes protons by formation of a neutral species. Therefore, the number of moles of strong acid or base added per mole of peptide bonds cleaved in order to maintain a constant pH may be given in terms of molar fractions as:
x,=xf;-XE
Assuming a constant mean acid dissociation constant for both terminal groups: 
and defining c& as the total concentration of peptide bonds which may be cleaved and X as the actual fraction of peptide bonds which have been cleaved, the global balance yields: The function xB, as illustrated in Fig. 2 , represents the t&ratable fraction of peptide bonds cleaved. A positive sign for xB indicates that a base has to be added to maintain a constant pH and a negative sign indicates that an acid has to be added. Since an increase in temperature favours dissociation, the acid exponents of both terminal groups liberated upon protein hydrolysis are expected to be somewhat lower than at 25°C. Indeed, the acid exponent of the amino group changes from a mean value of 7.7 at 25°C to about 7.0 at 55"C, whereas the acid exponent of the carboxyl group changes only slightly with temperature. 60°C. As expected, the correlation between the soluble nitrogen content and the quality of base added per unit mass of whey protein is not linear because, as discussed earlier, the concentration of soluble peptides formed cannot be expected to be a linear function of peptide bonds cleaved. An independent measurement at an operating temperature of 55°C is given in Fig. 6 . Equation ( 11) together with the coefficients of Table 1 have been used for calculating the fraction of soluble protein (shown as a continuous line in Fig. 6 ). Some parallel analyses of the fraction of soluble protein by means of the TCA method indicate a close agreement of both results.
CONCLUSION
The SN-TCA index, a criterion of practical importance for characterizing protein hydrolysates, has been correlated with the amount of base added for pH control. This allows the simple pHstat procedure to be used for continuous monitoring of the degree of reaction. Thus, once calibrated under different reaction conditions, data about the reaction system may be readily obtained." This method may be applied not only in this particular case, but also for analysing the hydrolysis of other proteins by means of other proteases, unless the pH optimum of the enzyme falls into the range of the isoelectric point of the dissociating groups liberated during hydrolysis.
